Quantum dots have experienced rapid development in imaging, labeling and sensing in medicine and life science. To be suitable for polymerase chain reaction (PCR) assay, we have tested QD thermal cycling durability and compatibility, which have not been addressed in previous reports. In this study, we synthesized CdSe/ZnS QDs with a surface modification with high-MW amphiphilic copolymers and observed that Mg 2+ ions in the PCR reaction could induce the QDs to precipitate and reduce their fluorescence signal significantly after thermal cycling. To overcome this problem, we used mPEG2000 to conjugate the QD surface for further protection, and found that this modification enables QDs to endure 40 thermal cycles in the presence of other components essential for PCR reactions. We have also identified that QDs have different effects on rTaq and Ex Taq polymerization systems. A high QD concentration could apparently reduce the PCR efficiency, but this inhibition was relieved significantly in the Ex PCR system as the concentration of Ex Taq polymerase was increased. Real-time PCR amplification results showed that QDs could provide a sufficiently measurable fluorescence signal without excessively inhibiting the DNA amplification. Based on this improved thermal cycling durability and compatibility with the PCR system, QDs have the potential to be developed as stable fluorescent sensors in PCR and real-time PCR amplification.
Introduction
Semiconductor quantum dots (QDs) have attracted great attention in the past decade since they have demonstrated many attractive optical properties such as tunable fluorescence wavelength, high quantum yields (QYs), narrow emission spectra and strong anti-bleaching capabilities in comparison with organic fluorescent dyes [1] [2] [3] [4] [5] [6] . These nano-scale colloidal particles offer outstanding advantages in biological applications such as in vivo tissue imaging, in vitro cell staining, and fluorescence resonance energy transfer (FRET) assay [7] [8] [9] . One of the potential applications of QDs as fluorescent sensors is the polymerase chain reaction (PCR), which is a conventional and indispensable technique used in genomic analysis, genetic engineering, medical diagnosis and forensic examination [10] [11] [12] [13] [14] .
Several previous studies have investigated the influence of nanoparticles on the DNA amplification products in PCR reaction systems. It has been reported that, in the presence of an appropriate concentration of nanoparticles such as gold nanoparticles and thiolglycolic acid (MAA)-modified QDs, PCR amplification could be optimized in both the specificity and yield [15] [16] [17] [18] [19] . However, the concentration of these nanoparticles is a very important factor for the improvement of PCR amplification. At a high concentration of MAA-coated QDs (above 40 nM), the PCR process was inhibited, and the yield of PCR products was reduced seriously [17] . Generally, a PCR process is initiated with a denaturation step at 95 • C for ∼5 min, followed by 30-40 cycles of annealing at 60 • C, extension at 72 • C and denaturation at 95 • C. A high temperature of denaturation could inevitably influence the stability of these nanoparticles. However, none of the studies mentioned above have systematically examined the thermal durability of these nanoparticles in PCR cycling. A recent study has examined the effect of temperature on the properties of lower MW OPA-coated QDs using one-to-one QD-labeled long DNA probes, and an apparent decline of the fluorescence intensity of PCR product-linked QDs was observed after PCR cycling [20] . Inhibition of PCR amplification and instability limited the application in PCR assay of nanoparticles.
In this study, we aim to explore the enhanced thermal cycling durability of QDs as fluorescent sensors in PCR and real-time PCR systems. We first utilized high-MW amphiphilic polymers and mPEG2000 for QD encapsulation and surface modification, and examined their thermal cycling durability. Our results showed that these QDs could endure 40 thermal cycles with various PCR components, especially Mg 2+ ions, without an apparent decrease of fluorescence intensity. The study of interactions between QDs and the PCR system showed that QDs have better compatibility with the Ex Taq polymerization system than the rTaq system. Inhibition of DNA amplification could be relieved significantly in the Ex PCR system as the concentration of Ex Taq enzyme was increased. QDs can also provide a sufficient fluorescence signal without excessively inhibiting the DNA amplification process in real-time PCR. This exploratory work contributes to the further development of the application of QDs in PCR assay. Depending on the progress of QD conjugation and FRET technologies (such as quantum dot molecular beacon technology) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , QDs with this modification could be further designed in PCR amplification as stable fluorescent sensors for sensitive quantitative analysis.
Experimental section

Chemicals
All chemicals for synthesizing water-soluble QDs were purchased from Aldrich without further purification unless specified. Tris base was purchased from NOVON and NH 2 -mPEG1000 and NH 2 -mPEG2000 were from Yare Biotech (Shanghai, China). All PCR reagents were purchased from Takara Biotechnology Co., Ltd (Dalian, China). DNA primers were purchased from Sangon Biotech Co., Ltd (Shanghai, China).
Synthesis and encapsulation of QDs
Synthesis of CdSe/ZnS nanoparticles was performed using the procedures published previously [31, 32] . The molar ratio of Cd and Se adopted was 5:4, and the number of ZnS capped was calculated to be around 3 monolayers in the ZnS capping procedure. UV-vis absorption (CARRY 100, Agilent, USA), photoluminescence spectroscopy (F-4500, Hitachi, Japan), XPS analysis (ESCALAB 250, Thermo VG, USA) and TEM images (Tecnai G2 F20 series, FEI, USA) of the QDs were recorded, and the concentration of the QD solution was determined according to Yu's method [33] .
The encapsulation procedure was based on Gao's method with a minor modification [34] . It has been reported that using their method QDs could maintain their quantum yield in 56 PCR cycles of 60 • C for 1 min and 90 • C for 30 s [35] . Briefly, hydrophobic nanoparticles were dissolved in chloroform/ethanol solvent containing n-octylamine modified amphiphilic triblock copolymers (∼100 kD) named PBEM. After evaporating the solvent under vacuum, the encapsulated QD nanoparticles were dissolved in warmed borate buffer (pH = 10). Sonication was not used in this dissolution step to avoid QD aggregation and instability. The polymer/QD ratio of 100:1 was chosen for completely coating a single QD. A GË AKTA purifier 100 system (equipped with Superdex 200 gel column) was employed to remove the free polymers. Wavelengths of 245 nm and 400 nm were used to monitor the free polymers and polymer-coated QDs, respectively. UV-vis absorption, photoluminescence spectroscopy and dynamic light scattering (DLS) measurements (Zeta Sizer Nano-ZS, Malvern, England) were used to characterize the water-soluble QDs.
Conjugation of QDs
The conjugation procedure was based on the EDAC reaction method widely used in COOH-functionalized QDs conjugation [3] . Briefly, 50 pmol of QDs were activated by 0.75 mM EDAC for 20 min in 100 µl PBS buffer (pH = 7.4). Then, Tris base, or NH 2 -mPEG1000 or NH 2 -mPEG2000 was added. The NH 2 -mPEG/QDs molar ratio was 1000:1, and the final concentration of Tris base was 1 mM. The reaction mixture was allowed to react for 3 h with gentle stirring. Ultrafiltration (Millipore, 100 kD) was used to remove unreacted EDAC and excessive modifying reagents. The purified QD conjugates were stored at 4 • C before usage.
PCR and real-time PCR test
An Applied Biosystems 2720 thermal cycler and an Applied Biosystems 7500 real-time PCR system were used for this study (Invitrogen, USA). First, the thermal durability of QDs To test the influence of DNA primers and DNA templates on the QDs thermal cycling durability, the final concentrations of different DNA were all 0.5 µM, and the PCR cycles were changed to: denaturation at 95 • C for 4 min; 30 cycles of 95 • C for 30 s, 60 • C 1 min, 72 • C 30 s; followed by a last extension at 72 • C for 5 min. A 300 bp sequence fragment product encoded HIV-1 transmembrane glyeoprotein 41 in HIV-1 gene env (1030 bp, template) was used in this study [36, 37] . Forward and backward primers were 5 -ATTGGATCCGTCCTGGCTGTGGAAAGATACCTA-3 and 5 -CCCCTCGAGTTTTTATATACCACAGCCAAT-TTG-3 , designed using the software Primer premier 5.0. The reaction conditions and the thermal cycling setting of real-time PCR were in accordance with the instructions of Takara Premix Ex Taq TM (designed for Taqman R probe, Takara code RR390A). The total volume of the reaction system was 20 µl. The concentrations of the reagents were 1× premix Ex Taq mix, 0.2 µM DNA primers, 1 µM DNA templates, 30 nM QDs, and the ROX dye II was not added into the reaction. The thermal cycling condition was 95 • C for 30 s, 40 cycles at 95 • C for 5 s, 60 • C for 34 s. The function relative quantification (ddCt) plate was employed to measure the fluorescence signal of samples in the real-time PCR process. The 60 • C step was set as a photoluminescence collection stage. Photoluminescence spectra of PCR samples were recorded before and after thermal cycling on the microplate reader (Infinite M200, TECAN, Switzerland). Electrophoresis was used to assess the PCR products and real-time PCR products. In each case, 5 µl of sample mixed with 1 µl of 6× loading buffer was loaded in 1% agarose gel in 1 × TBE buffer, running at 100 V for 40 min. The gels were stained with ethidium bromide (EB) and photoimaged (UV Biospectrum R AC Imaging System, UVP, USA).
Results
Characterization of QDs and thermal durability of QD590 at 95 • C
The TEM image of synthesized hydrophobic CdSe/ZnS QDs showed a uniform round shape (figure 1(A)), and the XPS analysis has been used to confirm the component elements of the nanoparticles (data not shown). Several types of amphiphilic polymers have been utilized in encapsulating QDs to improve their water-solubility, such as n-octylamine modified PAA [38] , PMAO [39] , and n-octylamine modified PBEM [34] . Among these polymers, PBEM was chosen after trials since it has a high molecular weight (∼100 kD) and could provide a stable solid coating on the CdSe/ZnS QD surface [35] . The fluorescence emission maximum of the water-soluble CdSe/ZnS QDs was around 590 nm (named as QD590 accordingly) ( figure 1(B) ) and its quantum yield (QY) was determined as ∼34% [40] . The DLS analysis showed that the hydrodynamic diameter of QD590 was about 22 nm (number weighted, figure 1(C)), which was larger than that reported by Gao (∼10 nm). It is probably due to a higher ratio of PBEM/QDs for the surface coating.
The fluorescence durability of QD590 in water at 95 • C was examined. It has been thought that the first 5 min at 95 • C in the PCR amplification process is very critical since it could create the most severe impact on the thermal durability of QD nanoparticles. Our result showed that our fabricated QD590 nanoparticles are able to endure the high temperature for 20 min without losing fluorescence intensity, providing an adequate thermal durability in the following tests.
Influence of molecular components of PCR reaction system on thermal cycling durability of QD590
A PCR reaction system contains the DNA template, PCR primers, dNTP substrates, DNA polymerase and cofactor Mg 2+ ions in PCR buffer. Each of these components might interact with QD590 and affect the fluorescence properties of QD590. QD590 in water was prepared first and its fluorescence spectrum was used as the control. Each component was added into the QD aqueous solution one at a time. After each addition, the fluorescence spectra of the mixtures were acquired and their images were recorded after thermal cycling. Dynamic light scattering (DLS) was also used to compare the hydrodynamic diameter changes of QD590 before and after thermal cycling.
Figure 2(A) shows that QD590 in water could endure the entire PCR process without losing much fluorescence intensity (less than 10%), whereas the fluorescence intensity of QD590 in PCR buffer was significantly reduced (by a factor of ∼20). QD590 in PCR buffer plus dNTP showed a similar spectral feature to that of PCR buffer. Interestingly, when rTaq DNA polymerase was added into the solution, the fluorescence intensity was enhanced unexpectedly. Comparison of figure 2(B) shows that the fluorescence intensity decrease was due primarily to QD nanoparticle precipitation rather than fluorescence quenching or destruction of QD nanoparticles. The hydrodynamic diameter of QD590 in water after the whole PCR process was determined as about ∼21 nm, showing no obvious change in comparison with that before the PCR process (supplementary materials, figure S1 available at stacks.iop. org/Nano/24/355504/mmedia).
Examination of the molecular components of PCR buffer on the fluorescence curves in figure 2(A) indicates that Mg 2+ ion in the PCR buffer is the most suspected component that could exert a negative effect on the fluorescence durability of QD590 in the thermal cycling. Therefore, we designed another experiment using Mg 2+ -free PCR buffer (Takara code DR001AM) to repeat the same PCR process. QD590 in the Mg 2+ -free PCR buffer showed almost identical fluorescence curves to the control (figure 2(C)), and no QD590 precipitation was observed ( figure 2(D) ). Furthermore, we conducted another experiment in which we added 1.5 mM of MgCl 2 or CaCl 2 into QD590 aqueous solution followed by vigorous shaking, and the result showed that the QD590 precipitation occurred (supplementary materials, figure S2 available at stacks.iop.org/Nano/24/355504/mmedia). It has also been determined that 0.35 mM of Mg 2+ was the minimal limit that could lead to QD590 precipitation in the tested thermal cycling. In addition, we examined the effects of another PCR buffer, Ex PCR buffer (Takara code DRR01AM), on the durability of QD590. Similar results were also observed (figures 2(E) and (F)). However, as detailed information of molecular composition of Ex PCR buffer was not given by Takara, we could not explain why the fluorescence intensity of QD590 was enhanced in the Mg 2+ -free Ex PCR buffer (curve 2, figure 2(E) ).
Thermal cycling durability of QD590 conjugates
To improve the fluorescence durability of QD590 in the thermal cycling, we prepared surface-modified QD590: QD590-Tris, QD590-mPEG1000 and QD590-mPEG2000 conjugates, and evaluated their ability to resist the Mg 2+ -induced precipitation in the PCR thermal cycling process using the same procedure as described above.
After conjugation, the durability of these conjugates after thermal cycling showed significant differences ( figure 3(B) ). The QD590-Tris, QD590-mPEG1000 and QD590-mPEG2000 conjugates dissolved in the Mg 2+ -free PCR buffer exhibit no precipitation after thermal cycling. However, QD590-Tris and QD590-mPEG1000 precipitated in the normal PCR buffer after thermal cycling while only QD590-mPEG2000 did not, indicating the protective capability of mPEG2000. The maximal fluorescence emission of QD590-mPEG2000 was still around 590 nm. DLS analysis showed that the hydrodynamic diameter of QD590-mPEG2000 was increased to ∼33 nm ( figure 3(A) ).
Figure 3(C) shows that after thermal cycling, QD590-mPEG2000 in PCR buffer demonstrated an almost identical fluorescence spectrum to that in Mg 2+ -free PCR buffer, revealing the protective function of mPEG2000 coating. Uses of normal and Mg 2+ -free Ex PCR buffer gave rise to similar fluorescence spectra ( figure 3(D) ). Compared with QD590-mPEG2000 in water, the fluorescence intensity of QD590-mPEG2000 in PCR buffer was enhanced (figures 3(E) and (F)). Addition of dNTP and rTaq polymerase did not affect the fluorescent properties of QD590-mPEG2000 ( figure 3(E) ). No nanoparticle precipitation was observed ( figure 3(F) ). In addition, we also tested the effect of the conjugation ratios on the thermal cycling durability of QD590-mPEG2000. The NH 2 -mPEG2000/QD590 ratio of 1000:1 could provide a better stability and durability in the PCR process, while lower ratios of 500:1 and 100:1 could not in our test. The mobility in agarose gels of QD590-mPEG2000 at different conjugating reaction ratios suggested the extent of surface -COOH substitution of QD590 by mPEG2000 (supplementary materials, figure S3 available at stacks.iop.org/Nano/24/355504/mmedia). A greater smear band was observed at a lower reaction ratio (100) than that of higher ratios (500 or 1000), indicating non-uniform surface -COOH substitution of QDs by mPEG2000 (lane 1-3 figure S3 available at stacks.iop.org/ Nano/24/355504/mmedia).
Thermal cycling durability of QD590-mPEG2000 in PCR reaction
As a further step toward the practical application of QDs, we tested the fluorescence durability of QD590-mPEG2000 in PCR amplification. Fluorescence spectra were recorded and the digital images were captured (figures 4(A) and (B)). In the presence of PCR buffer, dNTP, and rTaq DNA polymerase, addition of DNA primers did not apparently affect the durability of QD590-mPEG2000 in the thermal cycling (curves 1 and 2, figure 4(A) ). Interestingly, the fluorescence intensity of QD590-mPEG2000 returned to its control value when adding both the primers and the templates into the reaction system (curve 3, figure 4(A) ). (A similar result was also verified in the real-time PCR discussed in section 3.5.) Correspondingly, the effect of QD590-mPEG2000 on the DNA amplification in the PCR and Ex PCR reaction system was further studied. After PCR and Ex PCR reactions, the PCR products were analyzed using electrophoresis in PCR buffer on the thermal cycling durability of QD590 conjugates. C: QD590; 1: QD590-Tris; 2: QD590-mPEG1000; 3: QD590-mPEG2000; (C) fluorescence spectra after thermal cycling of QD590-mPEG2000 in PCR buffer and in Mg 2+ -free PCR buffer, respectively; (D) fluorescence spectra after thermal cycling of QD590-mPEG2000 in Ex PCR buffer and in Mg 2+ -free Ex PCR buffer, respectively; (E) fluorescence spectra and (F) photoimages of PCR components effect on the thermal cycling durability of QD590-mPEG2000. Curve notations are the same as those in figure 2(A).
( figure 4(C) ). The results showed that PCR systems containing 10, 30 and 50 nM of QD590-mPEG2000 exhibited the weaker stained bands of DNA products (lanes 3-5) compared with the control lane, indicating an inhibitory effect of nanoparticles. Though this inhibition was also present in the Ex PCR system, more efficient DNA amplification was observed (lanes 8-10, figure 4(C) ). Some researchers have reported that Au and MAA-coated CdSe nanoparticles could enhance the specificity of PCR under appropriate concentrations, but a higher concentration (>40 nM) of these MAA-coated CdSe nanoparticles would inhibit the PCR reaction [15, 17, 18] . In our study, this inhibitory effect was reduced in the Ex PCR reaction, and the amount of DNA products was apparently higher than that in the PCR system when the concentration of QD590-mPEG2000 was above 10 nM (lanes 8-10, figure 4(C) ). We also tested the influence of the amount of rTaq or Ex Taq polymerase on the relief of this inhibition ( figure 4(D) ), and the concentration of QD590-mPEG2000 and the total reaction volume was fixed at 50 nM and 20 µl, respectively. In the rTaq PCR system, the increase of rTaq polymerase from 2.5 to 10 U (lanes 1-4, figure 4(D) ) did not show remarkable reduction of DNA amplification inhibition. However, the yields of DNA products were increased significantly in the Ex Taq PCR system as the amount of Ex Taq polymerase was increased from 2.5 to 10 U (lanes 5-8, figure 4(D) ). The yield of DNA products in the 10 U Ex Taq polymerase condition gave a similar stained band to the control (lane 8, figure 4(D) ).
Real-time PCR test
The thermal cycling durability of QD590-mPEG2000 in real-time PCR was tested finally. The QD590-mPEG2000 concentration of 30 nM was used based on the consideration of reducing the inhibitory effect on DNA amplification, because we could not increase the usage amount of polymerase in the commercial mix.
The Takara Premix Ex Taq TM mix (designed for a molecular beacon as a fluorescent sensor in quantitative PCR assay) was tested for real-time PCR. The thermal cycling setting was adopted from the instructions and the signal collection stage was set at the step 60 • C for 34 s in each cycle. The fluorescence spectra and images of all the samples were collected (figures 5(A) and (B)). The filter C (TAMRA channel) measured the fluorescence signal of QD590-mPEG2000. Results of the component were collected ( figure 5(C) ), and these results recorded the fluorescence intensity of samples in the 60 • C stage during every thermal cycle. Electrophoresis was used to analyze the PCR products ( figure 5(D) ). The fluorescence intensity of QD590-mPEG2000 in the Premix Ex Taq mix was increased with and without the DNA primers during 40 thermal cycles (curves 1 and 2 figures 5(A) and (C); tubes 1 and 2 figure 5(B) ). However, the fluorescence intensity fluctuated to a small extent when the DNA templates were added (curve 3, figure 5(C) ). All the fluorescence spectra results ( figure 5(A) ) were in a good agreement with that in the PCR test ( figure 4(A) ), and the real-time data collection in the results of the component showed the inter-cycle change of the fluorescence intensity of QD590-mPEG2000. The fluorescence intensity changes of QD590-mPEG2000 before and after addition of DNA templates was attributed to the formation of the DNA replication complex and the processing of DNA amplification (curve 3, figure 5(C) ). The electrophoresis result showed that DNA product (300 bp) was synthesized when the QD590-mPEG2000 existed simultaneously, although the synthesis quantity was less than that of the sample without nanoparticles (lane 4 and 5, figure 5(D) , right).
Discussion
Encapsulation of QDs
QDs have demonstrated many unique physicochemical properties; however, their applications have been limited due to their instability under different practical conditions. In general, these heavy-metal-containing QDs are usually synthesized in organic solvents and then converted to a soluble form in aqueous environment. Several strategies of QD surface modification, including ligand exchange [41] [42] [43] [44] [45] [46] [47] , amphiphilic polymer encapsulation [34, 38, 39, [48] [49] [50] , and silica coating [51] [52] [53] [54] [55] [56] have been developed to improve their aqueous stability as well as to maintain their high photoluminescence. However, the fabrication of QDs having good properties (quantum yield, photoluminescence, stability, compatibility, etc) and less intrinsic toxicity is still challenging [39, 47, 51, 57] . Among these existing approaches, encapsulating the hydrophobic QDs with amphiphilic polymers could provide stable colloidal stability, and PEG-conjugation has also been used as the outermostlayer coating material to enhance the biocompatibility of QDs [34, 39, 57, 58] . These two methods are becoming the most competent approaches in fabricating stable hydrophilic QDs.
The objective of this study is to develop quantum dots with appropriate surface modification for PCR thermal cycling, and the success of this strategy depends on the correct choice of proper encapsulation materials and blocking agents in adequate quantities for QD surface modification. In He's study, the florescence intensity of low-MW OPA-coated QD-PCR product conjugates decreased by ∼30% after PCR. Unfortunately, the information of the QD conjugation procedure was not described clearly [20] . In our study, n-octylamine modified triblock copolymer PBEM (MW: ∼100 kD) was chosen to encapsulate QDs, based on the consideration that high-MW polymers with long molecular chains could coat QDs more tightly than lower MW polymers [35] . Gao et al have developed an approach for QD surface modification and tested the effect of different molar ratios of polymer/QDs. In their case, the highest ratio chosen was 20:1, which resulted in QDs with HD ∼10 nm (number weighted) suitable for in vivo cancer targeting and imaging [34] . The polymer/QDs ratio in our study was chosen to be 100:1 for the sufficient and solid coating of QDs. However, when the polymer/QDs ratio was lower than 50:1, the dried coated QD film in the encapsulation step could not be dissolved completely even in the heated borate buffer (pH = 10). Gently stirring was enough for dissolution, while the sonication was no longer necessary. FPLC was utilized to remove the excessive free polymers, and ultrafiltration (cut-off MW 300 kD) also worked. Dynamic light scattering analysis showed that the hydrodynamic diameter of QD590 was in the range between 21 and 23 nm ( figure 1(C) ). Importantly, the hydrodynamic diameter did not change apparently after the thermal cycling, indicating that a stable coating was formed.
Conjugation of QDs
Several blocking agents have been recommended to conjugate QDs in vivo and in vitro to prevent nonspecific interactions between QDs and biomolecules, including ethanolamine and PEG [28, 38, 39, 59, 60] . Our study proved that divalent cations such as Mg 2+ (or Ca 2+ ) could result in the precipitation of carboxyl quantum dots. It has been known that Mg 2+ ions play important roles in many biological processes as a cofactor, for example, the catalytic activity of DNA polymerase [61, 62] . So this interaction between Mg 2+ and QDs would also interfere with the DNA amplification in the PCR system when QDs are introduced. In this study, Tris base, mPEG1000 and mPEG2000 were compared regarding the protection of QD590 stability against the PCR components, especially Mg 2+ ions, in the thermal cycling. Our results in this study showed that mPEG2000 and QD590 at ratios of more than 1000:1 could increase QD590 stability significantly. According to Gao's calculation, one molecule of PBEM possesses probably ∼100 free -COOH functional groups, and at least four PBEM molecules were required to completely cover the entire surface of one nanoparticle. Though the actual number of mPEG2000 conjugated on the QD590 surface was estimated to be less than 1000 in our study, it is sufficient to cover the whole surface of the QD590 nanoparticles. Large usage amounts of PEG have also been found in other studies, which resulted in better stability of the QDs [39, 51] . Because of the intrinsically steric hindrance between blocking agents on the QD surface and the nonspecifically free colliding mechanism of the EDAC conjugating reaction, it is difficult, or even impossible, to substitute all the carboxylic acid groups on the surface of a single quantum dot. So we inferred that the length of mPEG also played an important role in isolating the unconjugated carboxylic acid on the QD surface from small Mg 2+ in the solution. This assumption explained why Tris or mPEG1000 conjugates did not exhibit a good stability in Mg 2+ -containing PCR buffer during thermal cycling even at a high conjugate ratio. DLS analysis showed that the HD of QD590-mPEG2000 was ∼33 nm. Some studies have reported usage of PEG5000 for QD conjugation and observed a better stability. However, it could lead to a large hydrodynamic diameter.
PCR and real-time PCR test
In this study, QD590-mPEG2000 was verified to have good thermal cycling durability in the presence of PCR components (including DNA primers and templates) in the PCR reaction system (figures 3 and 4). Although the reason that the increase of fluorescence intensity of QD590-mPEG2000, without adding the DNA templates, was inferred to be the temperature increment and the nonspecific adsorption of PCR components (such as ions and polymerase) [19] , all the results indicated that QD590-mPEG2000 could endure the Mg 2+ ion precipitation in the PCR and Ex PCR buffer during thermal cycling. The change of the fluorescence intensity of QD590-mPEG2000 after both the DNA templates and primers were added (curve 3, figure 4(A)) (also seen in real-time PCR) was assumed to be caused by the starting and processing of the DNA amplification. However, a problem was raised that higher concentrations of QD590-mPEG2000 would impede the process of DNA amplification (figures 4(C) and 5(D)) [15, 17] . More efficient DNA amplification in Ex Taq PCR was observed compared with that in the rTaq PCR reaction. Increasing the concentration of Ex Taq polymerase could reduce this inhibition significantly. These results indicated that nanoparticles such as QD590-mPEG2000 have better compatibility with the Ex PCR system (figures 4(C) and (D)). However, the aggregation in the loading well and the smearing bands in the electrophoresis gel (lanes 2-4, figure 5(D), left) showed that QD590-mPEG2000 was not as good as conventional intercalating dyes such as ethidium bromide in the electrophoresis analysis, although these nanoparticles could provide better thermal cycling durability.
In the real-time PCR test, QD590-mPEG2000 in Takara Premix Ex Taq TM mix showed an outstanding behavior with good thermal cycling durability and a measurably steady fluorescence signal. Considering the better compatibility with the Ex Taq PCR system of QD590-mPEG2000, more efficient DNA amplification would be accomplished by increasing the concentration of Ex Taq polymerase. These advantages make QD590-mPEG2000 a competent fluorescent sensor in quantitative applications of real-time PCR. We also first proved the interactions between nanoparticles and PCR components during the DNA amplification by showing the fluctuation of the florescence intensity of QD590-mPEG2000 (curve 3, figure 5C ). Considering the conventional fluorescent dyes used in the real-time PCR would also have a fluorescence fluctuation in the PCR process, these interactions need to be further investigated to calibrate the fluorescence signal of QD590-mPEG2000 in any quantitative assay.
Conclusion
It is a challenging task to develop nanoparticles with a high stability under various environments. In this study, a surface modification of CdSe/ZnS quantum dots (QD590-mPEG2000) was developed to be suitable for PCR reaction conditions. PCR amplification inhibition caused by these nanoparticles was eliminated significantly in the Ex PCR system as the concentration of Ex Taq polymerase was increased. QD590-mPEG2000 could provide a sufficient fluorescence signal without excessively inhibiting the DNA amplification process in real-time PCR. These advantages make QD590-mPEG2000 suitable for further development as a fluorescent sensor in PCR and real-time PCR assay.
